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ABSTRACT. An approximate method for calculating
the characteristics of the laminar boundary layer
in a compressed gas at a given surface tempera=-
ture when suction of the gas through the permeable
surface of the body is present, is presented. The
proposed method is applicable to a two-dimensional
flow, but the same equation can be used in the
case of axially symmetrical boundary layers on a
body of revolution.

Reference [4] proposed a method for making an approximate 122*
calculation of the characteristics of the laminar boundary layer
on a thermally insulating surface at high gas velocities and in
the presence of suction. The method is based on the use of the
integral pulse relationship in A. A. Dorodnitsyn's variables and
of an approximation of a family of veloclty profiles perpendicular
to the boundary layer by sixth degree polynomials. Calculation can
also be based on a system of integral "three moments” relationships.
This article develops an approximate method for calculating the
characteristics of the laminar boundary layer in a compressed gas
at a given surface temperature and when suction of the gas through
the permeable surface of the body is present.

Let us consider the high-velocity flow of a stationary stream
of compressed gas over a plane airfoil profile. We can introduce
a system of coordinates, the origin of which is located at the for-
ward critical point. The x axis 1s directed along the surface, ‘and
the y axis is directed along the normal to the surface of the pro-
file. Setting the Prandtl number equal to unity, the system of
differential equations for the laminar boundary layer can be

written in the following form, taking into account the longitudinal

*  Numbers in the margin indicate pagination in the foreign text.
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pressure gradient on the outer boundaries:

Prandtl equation
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continuity equation ._‘ )
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energy balance equation (approximate)
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Clapeyron equatibn

D= oRT; (4)
exponential dependence B
- (—T—> (5)
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Here u and v are projéctions of the velocity vector in the ng
boundary layer on the coordinate axis; Pg (x) 1s the preassigned
pressure distribution along the outer boundary layer; 6 = T +
u2/2JCp is the drag temperature; T is the absolute temperature;

J is the mechanical equivalent of heat; R =J (Cp —.Cv) is the
universal gas constant; Cp and CV are the heat capacities of gas
at constant pressure and constant volume respectively; ¥ and p
are the dynamic viscosity coefficlient and the density of the gas
respectively.

The values of the same quantities under the adiabatically
and isentropically retarded flow will be deslignated by index 1,
and the values of these quantities at the outer limit of the
"boundary layer will be designated by the index é.

For air we can take R = 287.1 m2/deg.sec2 and n = 0.75 at
-23° £ T < 327°C.

The system of equations (1 -~ 5) is a closed system, and
therefore may be used for the determination of the following un-

known quantities: two velocity components, pressure, density and
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the temperature of the gas.

The following boundary conditions are satisfied on the per-
meable surface of the profile in the presence of suction, and at

the outer 1limit of the boundary layer.

u=0; U = U, T=T0 Wheny=0;‘ (6)

‘u::Ub; T=T,5 when y=§,'

(7)
where v, (x) is the local rate of suction; Ty is the surface temp-
erature; U6 and Ty are the veloclty and temperature of the gas at
the outer boundary of the layer, respectively; 6 is the thickness

of the boundary layer.

In the case considered, where heat exchange through the sur-
~face of the profile takes place, the integral of the energy bal-

ance equation at (3) is equal to [2]
" 8=Cu-+C, (8)

Utilizing the boundary conditions at (6) and (7) to determine

the values of constants of integration C1 and C2 we obtain

T [ - (T, . 7
== (1) (1-2)) ()

Here %——Tr+ ;k:v is the drag temperature of the oncoming stream;

- == 7 — L 2
u==uﬂfm&l/=6&ﬂfmdz°=Jng4.%§ is the total energy.

The pressure can be calculated ‘through the Bernoulli equation

A
p=p6‘<1——270-> (“*—x__1>’ (10)

and the Clapeyron equation at (4) can be used to determine an

equation for density
=0y
— & (Tof8y = 1) —u/l) (11)

Q=03

where the ratio of the heat capacity coefficients is equal to
n = Cp/CV.



Using the exponential relationship at (5), we find

" }},:}_L "1__;42.!_.{'._7.:;)___ 1.._._.22_. T
N S g/l (12)
Further calculations will be made using the A. A. Dorodnifsyn's /95

_variables [1]. 1In this case these are in form

X U
§= S (1 —0Yde 1= E =
. 1 —u
0 A 0 ) .
The formulas transformed toc the new variables will appear as

=0y p
+ (T8, — 1) (1 — /0) v (13)

follows: ‘ . _
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Utilizing the equations at (13 ~ 15), the boundary layer
equation at (1), and the continuity equation at (2) can be re-
duced to the following form
1—2 (T, — 1)1 —-2L)
T Y T 0" Ut
9 _ ETAY AR
+V5‘W{[1““2+(T0/60_,1)( “77)] ‘a?}-; : (16)
du |, ow
ETm =0 (17)
where o u ;”. u .

E_,)J : a "fl72)w 'a; ;
7 )| .
© Uy = dUy/dE. |
After the transformation of the équafion aE (16) by that at
(17), and term by term integration with respect to T from 0 to 6“’

‘[1—£2+(T0/60—-1)<1——

we obtain 5 by

{%Y“ermeigé%W@ka]dWT;
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where 6n is the thickness of the boundary layer along the T coor-

dinate. -

Since U = 0 and 1M.= 0 the 1ntegral has the follow1ng form
T ey
! 0
. — = Usvy.
| g EQ) w(Uq “idn =l
L0 o L . . .
Integrating the equation at (18), and taking the expression /96

at (15) into consideration we can write;
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Here we introduce the following designations:
L N B, uy (20)
a,q=3 (1—-@-)@; _a,,,f = (1-27-)@4, |
0 S0
o U B (21)
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Returning to the physical plane x, y, the integral equation

at (19) can be reduced to the final form
gt e — P () — Pl e (2)

Let us assume that the velocity proflles transverse to the
boundary layer, constitute a monoparametric family and are in-
dependent in the explicit form of the Mach number. Such an assump-
tion reflects the actual velocity distribution across thewlaminar.
boundary layer when the Mach numbers are less than 2 Lel, quite
satisfactorily. The suction of the gas from the boundary layer
through the permeable surface of the profiles can be represented
by the function F (£, t**) in the following form [3, 5]:

E(F ) =A@ — B, (25)

The numerical values of A and B as a function of the suction para-
meter t** are given in Figures 1 and 2.. In these graphs, as in
Figures 3 and 4, solid lines represent the data obtained in [3],
and the broken lines represent the corresponding data cited in re-
ference [5].

Integrating the differential equa%ion at (24), and taking
into account the llnear dependence of (25) we flnd

dUsldx - §UB"(A—-2t Y — Dy,

f@%=7zqf———*

(26)

where 5
N=2+%'-—'—.—. y
_ 2 (26a) /97
The constant integration of the expression at (26) is equal
to zero since the form parameter f is finite when x = 0, because
the system of coordinates was selected so that U = 0 when x = 0.
In this specific case we have £ (0) = A/B. The values of the
form parameter at the forward critical point £ (0) are represented

in Pigure 3, and the quantity N is represented in Figure 4.

The successilve approximations method must be used to calcu-



late the form parameter f (x) through the formula at (26) for a

0° As the first
approximation one can calculate the values of the form parameter

given normal velocity component on the surface, v

f (x) by assigning the expected change in the suctlon parameter

t** through the formula at (26). Then, using well-known formulas
[3], one can obtain the second approximation of the value t**. Re-
peating this process of successive approximations one can calculate
all of the characteristics of the boundary layer with sufficient

accuracy.

As the first approximation of the expected change in the para-
meters t**, it is recommended that corresponding values for the
porous plate (U6 = 0) be assigned along with the assigned velocity

distribution, Voo for the airfoil profile with a porous surface.

The diagram shown on page 4 of monograph [6] is recommended
for converting the known pressure distribution coefficient along
the surface of the airfoil profile in the incompressible liquid to
the U (x) distribution for different Mach numbers (lower than the

critical value).
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Figure 3. Figure 4.

Calculating the values of the form parameter f (x) through
the relationship at (26), and utilizing the functions { (£, t**)
and H (f, t**), cited in references [3,5], we can determine all
the remaining characteristics of the laminaf.boundary layer in a
compressed gas with present suction through the porous surface of
the profile through formulas (21 - 23).



The proposed method is applicable to a two-dimensional flow.
The same equation can be used in the case of axially symmetrical
boundary layers on a body of revolution. Only the form of the
continuity equation at (2) is changed, adding a cofactor, Ty in
the parentheses to represent the radius of the cross-section of
the body of revolution. In this case the integral at (23) will be-

come Ud e " x -
Ws/dx B S ot FHN—1 '
) = g | U A=) 0~ O,
5fo(1_'U) o - ' i . .
o S L (27)
The other characteristics of the laminar boundary layer on /98

—————

the body of revolution can be calculated through the same form-

ulas as for the two-dimensional case.
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